An important reasons for drug relapse is the retrieval of drug withdrawal memory induced by conditioned context. Previous studies have suggested that the basolateral amygdala (BLA) plays an important role in conditioned context-induced retrieval of morphine withdrawal memory. However, the downstream neuronal circuits of the activation of the BLA in conditioned context-induced retrieval of morphine withdrawal memory remain unknown. Using retrograde labeling, immunohistochemical, and optogenetic approaches, we found that, although BLA neurons projecting to the prelimbic cortex (PrL) played an important role in conditioned context-induced retrieval of morphine withdrawal memory, they do not exhibit increased expression of the neuronal plasticity marker Arc. However, when PrL neurons activated by the BLA send feedback signals to the BLA, a neuronal-related process is induced in other BLA neurons that do not project to the PrL, a finding that is relevant to conditioned contextinduced retrieval of morphine withdrawal memory.
INTRODUCTION
Drug addiction is a chronic brain disorder characterized by remissions and relapses (1) . One of the most important reasons for the relapses is the retrieval of drug withdrawal memory induced by conditioned context previously associated with withdrawal syndromes (2) . Understanding the neuronal circuits underlying conditioned context-induced retrieval of drug withdrawal memory could help in developing new therapeutic approaches to prevent drug relapse.
Previous studies suggested that the basolateral amygdala (BLA) played an important role in conditioned context-induced retrieval of morphine withdrawal memory. Reexposure to conditioned context by morphine withdrawal rats could activate BLA neurons (3, 4) . Lesion in the BLA attenuated conditioned context-induced food aversion in morphine withdrawal rats (5) . Studies from our laboratory showed that chronic morphine-induced increase in the expression of D1 receptors at presynaptic terminals in the BLA was closely related to conditioned context-induced retrieval of withdrawal memory (6) . However, the downstream neuronal circuits of the activation of the BLA in conditioned context-induced retrieval of morphine withdrawal memory remain to be unknown.
It has been known that the BLA sends a dense glutamatergic projection to the brain regions, such as the prelimbic cortex (PrL) (7, 8) , the CA1 of the hippocampus (9) , and the nucleus accumbens (NAc) (10, 11) . Our previous studies showed that chronic morphine sensitized the effect of D1 receptor agonist on presynaptic glutamate release in BLA neurons that projected to the PrL but had no influence on that in BLA neurons that projected to the NAc or the CA1 of the hippocampus (12) . Therefore, we proposed that BLA neurons projecting to the PrL might be an important downstream neuronal circuit of the activation of the BLA in conditioned context-induced retrieval of morphine withdrawal memory. To test this hypothesis, we used retrograde labeling method to identify BLA neurons projecting to the PrL and then examined the influence of conditioned context on the expression of c-Fos, a neuronal activity marker (13) , in BLA neurons projecting to the PrL using immunohistochemical method and studied the role of BLA neurons projecting to the PrL in conditioned place aversion (CPA) of morphine withdrawal mice by in vivo optogenetic inhibition of axonal terminals or chemicalgenetic inhibition of cell bodies of these BLA projecting neurons. CPA was a widely used animal model of conditioned contextinduced retrieval of morphine withdrawal memory (3, 4) and was elicited by naloxone-precipitated morphine withdrawal following exposure to chronic morphine as used by other laboratories (14, 15) .
There are two possible ways for BLA-PrL projection neurons to participate in conditioned context-induced retrieval of morphine withdrawal memory: one is that they are only a pathway that mediates the passage of signals to induce a retrieval of memory signals at other brain regions, and another is that they exhibit a retrieval of memory signals by themselves. To address whether there was a retrieval of memory signals in BLA-PrL projection neurons after reexposure to conditioned context in morphine withdrawal mice, we examined the influence of conditioned context on the expression of Arc, a neuronal plasticity marker (16) , which was closely related to memory retrieval (17) , in BLA-PrL projection neurons in morphine withdrawal mice. In addition, it is known that PrL neurons project to a number of brain regions, such as the BLA, the NAc, and the ventral tegmental area (18) . Here, we hypothesized that, after BLA neurons projecting to the PrL activate the PrL, PrL neurons send feedback signals to the BLA to induce an increase in Arc expression in other BLA neurons that do not project to the PrL. Preliminary evidence supporting this hypothesis includes findings that the BLA receives glutamatergic projections from the PrL (19) (20) (21) and our own data showing that conditioned context could increase the expression of Arc in other BLA neurons that were not projection neurons to the PrL. To test our hypothesis, we studied the influence of in vivo optogenetic inhibition of glutamatergic terminals from the BLA in the PrL or chemical-genetic inhibition of cell bodies of BLA neurons projecting to the PrL on conditioned context-induced increase in the expression of Arc in BLA neurons that were not projection neurons to the PrL and examined the influence of in vivo optogenetic inhibition of glutamatergic terminals of PrL projection neurons in the BLA on conditioned context-induced increase in the expression of Arc in BLA neurons that were not projection neurons to the PrL in morphine withdrawal mice. In addition, using a two-step virus injection approach (22) , we traced the feedback circuit from the PrL to the BLA.
RESULTS

Conditioned context increases c-Fos expression in BLA projection neurons to the PrL
To study whether conditioned context could activate BLA neurons projecting to the PrL in morphine withdrawal mice, we examined the effect of conditioned context on the expression of c-Fos, a marker of neuronal activity (23) , in BLA neurons projecting to the PrL in morphine withdrawal mice. We injected FluoroGold (FG) into the PrL to retrograde label BLA neurons projecting to the PrL (Fig. 1A) . After recovery from the surgery of FG injection, mice were subjected to behavioral training, as illustrated in the left panel of Fig. 1B . Results showed that mice in the morphine + naloxone group exhibited a strong aversion to the morphine withdrawal-paired compartment and, hence, spent less time in the morphine withdrawal-paired compartment during the post-test than that during the pre-test. Meanwhile, mice from other groups did not exhibit a significant aversion to either compartment. The average CPA score in the morphine + naloxone group was −256.10 ± 22.75 s, which was statistically different from that in the saline + saline group (80.33 ± 47.54 s), the saline + naloxone group (−47.03 ± 29.72 s), and the morphine + saline group (48.05 ± 37.43 s; Fig. 1B, right) . After behavioral assay, animals were sacrificed and the effect of conditioned context on the expression of c-Fos in different groups was examined. We could see that the expression of c-Fos and the coexpression of c-Fos and FG in the BLA were significantly increased in the morphine + naloxone group after the reexposure to conditioned context, but they did not change significantly in saline + naloxone or morphine + saline groups compared to the saline + saline group (Fig. 1C, left) . The average c-Fos-positive neurons/mm 2 in the BLA were 51.79 ± 6.66/mm 2 in the morphine + naloxone group, which were significantly higher than those in the saline + saline group (31.85 ± 5.32/mm 2 ), the saline + naloxone group (33.01 ± 2.96/mm 2 ), and the morphine + saline group (34.35 ± 2.23/mm 2 ; Fig. 1C , top right). The average percentage of the coexpression of c-Fos and FG relative to FG in the BLA in the morphine + naloxone group was 13.74 ± 0.96%, which was significantly higher than that in the saline + saline group (7.94 ± 0.43%), the saline + naloxone group (9.59 ± 0.69%), and the morphine + saline group (10.03 ± 0.50%; Fig. 1C, bottom right) . This result suggests that conditioned context can activate BLA neurons projecting to the PrL in morphine withdrawal mice to a greater extent than that in control groups.
Inhibition of BLA projection neurons to PrL inhibits CPA
To study the role of BLA neurons projecting to the PrL in conditioned context-induced retrieval of morphine withdrawal memory, we examined the influence of in vivo optogenetic inhibition of axonal terminals of these BLA projecting neurons in the PrL on conditioned context-induced place aversion in morphine withdrawal mice. The AAV8-CaMKII-eNpHR-eYFP virus or the same viral vectors carrying enhanced yellow fluorescent protein (eYFP) alone were injected into the BLA, and optical fiber was unilaterally implanted over the PrL before CPA ( Fig. 2A, left) . The expression of eNpHR-eYFP in the BLA after the injection of the virus into the BLA was shown in the middle panel of Fig. 2A . The virus was allowed to express for a minimum of 6 weeks to have sufficient opsin accumulation in axonal terminals in the PrL. To inhibit eNpHR-eYFP-expressed BLA axonal terminals in the PrL, a wireless optical fiber was implanted above the PrL to allow the delivery of 594-nm light ( Fig. 2A, right) . The mice with the expression of eNpHR-eYFP or eYFP are divided into two groups: one group is the light ON group that will be given a 15-min continuous light, and another group is the light OFF group that will not be given light. Both groups were subjected to behavioral paradigms, as shown in the left panel of Fig. 2B . The result showed that during the light OFF epoch, conditioned context could induce a strong aversion to the morphine withdrawal-paired compartment in eYFP-and eNpHR-eYFP-expressing mice. However, during the light ON epoch, although conditioned context could induce a strong aversion to the morphine withdrawal-paired compartment in eYFPexpressing mice, it could not induce a significant aversion to the morphine withdrawal-paired compartment in eNpHR-eYFP-expressing mice. The average CPA score during the light OFF epoch in eYFP-and eNpHR-eYFP-expressing mice was −148.22 ± 19.04 s and − 177.81 ± 61.27 s, respectively, but during the light ON epoch, the average CPA score in eNpHR-eYFP-expressing mice was 28.09 ± 34.87 s, which was statistically different from that in eYFP-expressing mice (−186.00 ± 57.42 s; Fig. 2B, right) . This result suggests that activated BLA neurons projecting to the PrL play an important role in conditioned context-induced retrieval of morphine withdrawal memory in morphine withdrawal mice.
To confirm the role of BLA neurons projecting to the PrL in conditioned context-induced retrieval of morphine withdrawal memory, we also examined the influence of chemical-genetic inhibition of cell bodies of these BLA projecting neurons in the BLA on conditioned context-induced place aversion in morphine withdrawal mice. The AAV-hSyn-DIO-hM4Di(Gi)-mCherry virus was injected into the BLA, and the AAV-hSyn-mCherry-IRES-WGA-Cre virus was injected into the PrL before CPA ( fig. S1A, left) . The expression of mCherry-WGA-Cre in the PrL after the injection of the virus into the PrL was shown in the middle panel of fig. S1A . Four weeks after the injection, the expression of hM4Di(Gi)-mCherry was observed in the BLA due to retrograde transporting mCherry-WGA-Cre from the PrL to the BLA ( fig. S1A, right) . The mice with the expression of hM4Di(Gi)-mCherry are divided into two groups: one group is the saline group that will be injected with saline 60 min before post-test of CPA, and another group is the clozapine-n-oxide (CNO) group that will be injected with CNO 60 min before post-test of CPA. Both groups were subjected to behavioral paradigms, as shown in the left panel of fig. S1B . The result showed that although conditioned context could induce a strong aversion to the morphine withdrawalpaired compartment in the saline group, conditioned context could not induce a significant aversion to the morphine withdrawalpaired compartment in the CNO group. The average CPA score in the saline group was −178.40 ± 62.66 s, which was statistically different from that in the CNO group (−52.82 ± 72.01 s; fig. S1B , right). This result confirms that activated BLA neurons projecting to the PrL play an important role in conditioned contextinduced retrieval of morphine withdrawal memory in morphine withdrawal mice. in saline + saline, saline + naloxone, morphine + saline, and morphine + naloxone groups (n = 6 mice in saline + saline, saline + naloxone, and morphine + naloxone groups; n = 7 mice in morphine + saline group; one-way ANOVA, *P < 0.05). Bottom right: Average percentage of the coexpression of c-Fos and FG relative to FG in the BLA in saline + saline, saline + naloxone, morphine + saline, and morphine + naloxone groups (n = 6 mice in saline + saline, saline + naloxone, and morphine + naloxone groups; n = 7 mice in morphine + saline group; one-way ANOVA, ****P < 0.0001). Data are means ± SEM.
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In addition, we noted that when injecting the AAV8-CaMKII-eNpHR-eYFP virus into the BLA, there was also expression of eNpHR-eYFP in the infralimbic cortex (IL). This observation is consistent with the report that the BLA has projections to both the PrL and the IL (24) . To study the role of BLA neurons projecting to the IL in conditioned context-induced retrieval of morphine withdrawal memory, we examined the influence of in vivo chemicalgenetic inhibition of BLA neurons projecting to the IL on conditioned context-induced place aversion in morphine withdrawal mice. The AAV-hSyn-mCherry-IRES-WGA-Cre virus was injected into the IL, and the AAV-hSyn-DIO-hM4Di(Gi)-mCherry virus was injected into the BLA before CPA ( fig. S2A , left). The expression of mCherry-WGA-Cre in the IL after the injection of the virus into the IL was shown in the middle panel of fig. S2A . Four weeks after the injection, the expression of hM4D(Gi)-mCherry was observed in the BLA by retrograde tracing mCherry-WGA-Cre from the IL to the BLA ( fig. S2A , right). The mice with the expression of hM4D(Gi)-mCherry are divided into two groups: one group is the saline group injected with saline 60 min before post-test of CPA, and another group is the CNO group injected with CNO 60 min before post-test of CPA. Both groups were subjected to behavioral paradigms, and the result showed that conditioned context could induce a strong aversion to the morphine withdrawal-paired compartment in both saline and CNO groups. The average CPA score in the saline group was −114.40 ± 81.20 s, which was not significantly different from that in the CNO group (−160.50 ± 77.35 s; fig. S2B ). This result suggests that BLA neurons projecting to the IL do not play an important role in conditioned context-induced retrieval of morphine withdrawal memory in morphine withdrawal mice.
Conditioned context does not increase Arc expression in BLA projection neurons to the PrL
To examine whether conditioned context induced a change in neuronal plasticity of BLA neurons projecting to the PrL in morphine withdrawal mice, we studied the effect of conditioned context on the expression of Arc, a marker of neuronal plasticity (16) , in BLA neurons projecting to the PrL in morphine withdrawal mice. We injected FG into the PrL to retrograde label BLA neurons projecting to the PrL, as mentioned above. In behavioral experiments, the average CPA score in the morphine + naloxone group was −186.70 ± 31.67 s, which was statistically different from that in the saline + saline group (92.41 ± 38.67 s), the saline + naloxone group (−33.79 ± 18.31 s), and the morphine + saline group (99.82 ± 52.09 s). Following CPA, the effect of conditioned context on the expression of Arc in different groups was examined. We could see that the coexpression of Arc and FG in the BLA in the morphine + naloxone group had no significant difference compared to that in saline + saline, saline + naloxone, or morphine + saline groups (Fig. 3A) . The average percentage of the coexpression of Arc and FG relative to FG in the BLA in the morphine + naloxone group was 5.13 ± 0.56%, which had no significant difference compared to that in the saline + saline group (4.24 ± 0.46%), the saline + naloxone group (3.89 ± 0.53%), or the morphine + saline group (4.56 ± 0.35%; Fig. 3B , left). This result suggests that conditioned context does not increase the expression of neuronal plasticity-related Arc in BLA neurons projecting to the PrL in morphine withdrawal mice.
Conditioned context increases Arc expression in other BLA neurons that are not projection neurons to PrL
Although conditioned context did not increase the expression of Arc in BLA neurons projecting to the PrL as described above, it appeared that it could increase the expression of Arc in other BLA neurons because, after the reexposure to conditioned context, there was an increase in the general expression of Arc in the BLA in morphine withdrawal mice. The average Arc-positive neurons/mm 2 in the BLA were 38.45 ± 4.79/mm 2 in the morphine + naloxone group, which were higher than those in the saline + saline group (25.35 ± 1.37/mm 2 ) and the saline + naloxone group (18.26 ± 2.58/mm 2 ; Fig. 3B, right) . This result, combined with that in Fig. 1 , suggests that within the BLA, there may be two kinds of neurons that have different responses to conditioned context in morphine withdrawal mice: one is BLA projection neurons to the PrL that exhibit conditioned context-induced increase in the expression of c-Fos, but without an increase in Arc expression, and another is BLA non-PrL projection neurons that exhibit conditioned context-induced increase in the expression of Arc. To confirm this statement, we examined the effect of conditioned context on the coexpression of c-Fos, Arc, and FG in morphine withdrawal mice. We injected FG into the PrL to retrograde label BLA neurons projecting to the PrL as mentioned above. In behavioral experiments, the average CPA score in the morphine + naloxone group was −128.60 ± 29.68 s, which was statistically different from that in the saline + saline group (66.85 ± 50.99 s), the saline + naloxone group (−8.57 ± 51.88 s), and the morphine + saline group (49.79 ± 24.11 s). Following CPA, the effect of conditioned context on the coexpression of c-Fos and Arc in FG labeling neurons in the BLA was examined. We could see that without the expression of Arc, the coexpression of c-Fos and FG in the BLA was increased in the morphine + naloxone group after the reexposure to conditioned context, but it had no significant change in the saline + naloxone or morphine + saline group compared to the saline + saline group (Fig. 4A) . The average percentage of the coexpression of c-Fos and FG, but not with Arc, relative to FG in the BLA in the morphine + naloxone group was 7.99 ± 1.05%, which was higher than that in the saline + saline group (4.48 ± 0.63%), the saline + naloxone group (5.22 ± 0.85%), and the morphine + saline group (5.59 ± 0.35%; Fig. 4B , left). Meanwhile, we could also see that the coexpression of c-Fos, Arc, and FG in the BLA had no significant change in the saline + saline, saline + naloxone, morphine + saline, or morphine + naloxone group (Fig. 4A) . The average percentage of the coexpression of c-Fos, Arc, and FG relative to FG in the BLA in the morphine + naloxone group was 4.83 ± 0.72%, which had no significant difference with that in the saline + saline group (3.56 ± 0.54%), the saline + naloxone group (3.89 ± 0.57%), and the morphine + saline group (4.52 ± 0.38%; Fig. 4B, middle) . However, we could see that the coexpression of c-Fos and Arc without FG labeling in the BLA was increased in the morphine + naloxone group after the reexposure to conditioned context, whereas there was no significant change in the saline + naloxone or morphine + saline group compared to the saline + saline group (Fig. 4A) . The average percentage of the coexpression of c-Fos and Arc in the BLA in the morphine + naloxone group was 19.15 ± 2.10%, which was higher than that in the saline + saline group (11.41 ± 1.78%), the saline + naloxone group (12.16 ± 1.26%), and the morphine + saline group (13.49 ± 1.22%; Fig. 4B,   right) . This result suggests that within the BLA, BLA projection neurons to the PrL exhibit conditioned context-induced increase in the expression of c-Fos but without an increase in the expression of Arc, whereas BLA non-PrL projection neurons exhibit conditioned context-induced increase in the expression of both c-Fos and Arc.
Inhibition of BLA projection neurons to PrL inhibits conditioned context-induced Arc expression in BLA non-PrL projection neurons
On the basis of the above results, we hypothesized that after BLA neurons projecting to the PrL activated the PrL, PrL neurons sent feedback signals to the BLA again to induce an increase in the expression of Arc in other BLA neurons that were not projection neurons to the PrL. To test this hypothesis, we examined the influence of in vivo optogenetic inhibition of glutamatergic inputs from the BLA to the PrL on conditioned context-induced increase in the expression of Arc in the BLA in morphine withdrawal mice. The virus injection, optical fiber implantation, and CPA result were shown in Fig. 2A , and the result of Arc expression was shown in Fig. 5 . We could see that conditioned context-induced activation of Arc in the BLA was decreased after in vivo optogenetic inhibition of glutamatergic terminals from the BLA in the PrL in the light ON group (Fig. 5B) 
Inhibition of PrL projection neurons to the BLA inhibits conditioned context-induced Arc expression in these BLA non-PrL projection neurons
We also examined the influence of in vivo optogenetic inhibition of glutamatergic inputs onto the BLA from the PrL on conditioned context-induced activation of Arc in the BLA in morphine withdrawal mice. The AAV8-CaMKII-eNpHR-eYFP virus or the same viral vectors carrying eYFP alone were injected into the PrL, and optical fiber was unilaterally implanted over the BLA before CPA (Fig. 6A, left) . The expression of eNpHR-eYFP in the PrL after the injection of the virus into the PrL was shown in the middle panel of Fig. 6A . The virus was allowed to express for a minimum of 6 weeks to have sufficient opsin accumulation in axonal terminals in the BLA. To inhibit eNpHR-eYFP-expressed PrL axonal terminals in the BLA, a wireless optical fiber was implanted above the BLA to allow the delivery of 594-nm light (Fig. 6A, right) . The mice with expression not with Arc, relative to FG in the BLA in saline + saline, saline + naloxone, morphine + saline, and morphine + naloxone groups (n = 5 mice in saline + saline, saline + naloxone, and morphine + saline groups; n = 7 mice in morphine + naloxone group; one-way ANOVA, *P < 0.05). Middle: Average percentage of the expression of c-Fos, Arc, and FG relative to FG in the BLA in saline + saline, saline + naloxone, morphine + saline, and morphine + naloxone groups (n = 5 mice in saline + saline, saline + naloxone, and morphine + saline groups; n = 7 mice in morphine + naloxone group; one-way ANOVA, P > 0.05). Right: c-Fos-and Arc-positive neurons/mm 2 in the BLA in saline + saline, saline + naloxone, morphine + saline, and morphine + naloxone groups (n = 5 mice in saline + saline, saline + naloxone, and morphine + saline groups; n = 7 mice in morphine + naloxone group; one-way ANOVA, *P < 0.05). Data are means ± SEM.
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of eNpHR-eYFP or eYFP are divided into two groups: one group is the light ON group that will be given 15-min continuous light, and another group is the light OFF group that will not be given light. Both groups were subjected to behavioral experiments. Our results showed that during the light OFF periods, conditioned context could induce a strong aversion to the morphine withdrawal-paired compartment in eNpHR-eYFP-expressing mice. However, when the eNpHRexpressed PrL axonal terminals in the BLA were inhibited by 594-nm light in the light ON group, the aversive response of mice to the morphine withdrawal-paired compartment disappeared. The average CPA score in eNpHR-eYFP-expressing mice during the light OFF epoch was −223.40 ± 70.05 s, which was significantly different from that during the light ON epoch (63.84 ± 35.84 s; Fig. 6B, left) . On this basis, the effect of conditioned context on the expression of Arc in the BLA in morphine withdrawal mice was examined. The result showed that, after the optogenetic inhibition of glutamatergic inputs onto the BLA from the PrL, conditioned context-induced increase in the expression of Arc in the BLA was decreased (Fig. 6B Fig. 6B, right) . This result suggests that the inhibition of glutamatergic inputs onto the BLA from the PrL inhibits conditioned context-induced increase in the expression of Arc in the BLA in morphine withdrawal mice.
There is a feedback circuit from the PrL to the BLA We examined whether there was a feedback circuit from the PrL to the BLA using a two-step virus injection approach. We first injected the pAAV-hSyn-Cre-EGFP virus into the BLA to trans-synaptic label PrL neurons that received input from the BLA. If PrL neurons received the input from the BLA, they would be labeled with Cre protein. One week later, the pAAV-EF1-DIO-hChR2-mCherry virus was injected into the PrL to detect the projecting regions of those Cre-positive PrL neurons. In the PrL, only those neurons receiving input from the BLA could express the hChR2 protein in a Credependent manner. Then, the hChR2 protein anterograde transported to the BLA. Four weeks later, the expression of hChR2-mCherryexpressed PrL axonal terminals was examined in the BLA. The result showed that (i) after the injection of the pAAV-hSyn-Cre-EGFP virus into the BLA, the BLA was labeled with EGFP protein (green-colored, fig. S3B ); (ii) after the injection of the pAAV-EF1-DIO-hChR2-mCherry virus into the PrL, the PrL was labeled with mCherry protein (red-colored, fig. S3C ); and (iii) after the two-step viral injection, axonal terminals of PrL neurons in the BLA were labeled with mCherry protein (red-colored, fig. S3D ). This result suggests that there is a feedback circuit from the PrL to the BLA.
DISCUSSION
The main findings of the present study are that (i) conditioned context increases the expression of c-Fos in BLA neurons projecting to the PrL in morphine withdrawal mice and that inhibition of BLA neurons projecting to the PrL inhibits the conditioned context-induced place aversion of morphine withdrawal mice; (ii) conditioned context does not increase the expression of Arc in BLA neurons projecting to the PrL, but it increases the expression of Arc in other BLA neurons that are not projection neurons to the PrL in morphine withdrawal mice; (iii) in vivo optogenetic inhibition of glutamatergic terminals from the BLA in the PrL or in vivo chemical-genetic inhibition of cell bodies of BLA neurons projecting to the PrL or in vivo optogenetic inhibition of glutamatergic terminals from the PrL in the BLA inhibits conditioned context-induced increase in the expression of Arc in these BLA neurons in morphine withdrawal mice; and (iv) there is a feedback circuit from the PrL to the BLA.
Previous studies by Stefanik and Kalivas (25) showed that in vivo optogenetic inhibition of BLA neurons projecting to the PrL inhibited the cue-induced reinstatement of cocaine seeking. This result is similar in many ways to our own data indicating that in vivo optogenetic inhibition of BLA neurons projecting to the PrL inhibits conditioned context-induced place aversion of morphine withdrawal mice. However, the memory types retrieved in these two studies are different. In Stefanik and Kalivas's experiment, during the training stage, cue is paired with cocaine-induced reward memory such that the memory retrieved by cue in their study is reward memory (25) ; in our study, in contrast, context is paired with morphine withdrawal memory such that the memory retrieved by context in our study is withdrawal memory. This phenomenon suggests that BLA neurons projecting to the PrL may be a common neural substrate that underlies Data are means ± SEM.
the retrieval of both reward and withdrawal memory. This role of BLA neurons projecting to the PrL in cue-or context-induced retrieval of reward and withdrawal memory may be related to its function of conveying information from the BLA to the PrL about cue or context that has been previously paired (26, 27) . However, after this information is conveyed, the downstream circuits may be different for reward and withdrawal memory. There are two possible roles of the activated BLA neurons projecting to the PrL in the retrieval of morphine withdrawal memory. One possibility is that after activation, these neurons serve only as a pathway that mediates the passage of signals to induce a retrieval of memory signals at other brain regions; another is that these neurons exhibit a retrieval of memory signals themselves. c-Fos is an immediate early gene (IEG), which is responsive to a number of extrinsic cellular stimuli and couples action potential firing to gene expression (13, 28) . The signal transduction cascade by which membrane depolarization activates c-Fos gene transcription has been characterized in great detail (28) . In a quiescent neuron, c-Fos expression is extremely low, but when excitatory synaptic inputs increase, depolarization causes an influx of extracellular calcium. In response to elevated intracellular calcium, CREB (adenosine 3′,5′-monophosphate calcium response element-binding protein) is rapidly phosphorylated so that CREB and its DNA binding site, Ca/CRE, can function as a regulatory element that activates the c-Fos gene (29) . Therefore, the result that conditioned context increases the expression of c-Fos in BLA neurons projecting to the PrL in morphine withdrawal mice suggests that conditioned context can activate BLA neurons projecting to the PrL. However, whether there is a retrieval of memory signals in these projecting neurons after activation has yet to be determined. Current views on the dynamic nature of the memory trace suggest that memory retrieval is a neural process of memory expression (30) . Accompanying the retrieval of memory, there should be an increase in expression of a number of molecules that are related to memory expression. Among such events, the increase in Arc expression is known to play an important role in the retrieval of memory. Arc is an IEG that not only participates in memory formation (16) but also is involved in the retrieval of memory (17) . Arc knockout mice failed to form long-lasting memories (31) , and the inhibition of Arc expression disrupted the retrieval of memory (32) . Therefore, our finding that conditioned context does not increase the expression of Arc in BLA neurons projecting to the PrL in morphine withdrawal mice suggests that, after the activation of BLA neurons projecting to the PrL by conditioned context, there may not be a retrieval of memory signals in these projecting neurons. In addition, the lack of Arc expression in the BLA neurons projecting to PrL may be due to potential effects of FG on the physiology of BLA neurons, because FG has been shown to produce some extent of degeneration of neuronal neurons at the injection site. However, the concentration we used here was referred to the one used by Petrovich et al. (33) , who showed that this concentration of FG was able to check the increase in the expression of Arc. In addition, in our c-Fos experiments, we also could check the conditioned context-induced increase in the expression of c-Fos in FG labeling neurons. Therefore, we propose that the activated BLA neurons projecting to the PrL by conditioned context in morphine withdrawal mice may only be a pathway that mediates the passage of signals to induce a retrieval of morphine withdrawal memory at other brain regions, rather than showing a retrieval of memory signals in these neurons.
It is known that BLA projections to the PrL consist primarily of excitatory fibers (29) . Most of these excitatory synapses are on pyramidal neurons of the PrL, whereas inhibitory interneurons of the PrL receive a relatively light excitatory innervation (34, 35) . Therefore, BLA activation might be expected to cause direct excitation of PrL pyramidal neurons or indirect inhibition of PrL pyramidal neurons through the activation of inhibitory interneurons, which had a local inhibitory input onto PrL pyramidal neurons (29) . However, based on our finding that in vivo optogenetic inhibition of glutamatergic terminals from the BLA in the PrL or in vivo chemical-genetic inhibition of cell bodies of BLA neurons projecting to the PrL could inhibit conditioned context-induced place aversion in morphine withdrawal mice, it was more possible that BLA activation might cause a direct excitation of PrL pyramidal neurons. However, the role of the feed-forward inhibition of BLA excitatory projection-PrL local interneurons-PrL pyramidal neurons in the retrieval of morphine withdrawal memory remains to be studied.
The downstream neuronal circuit, where there is conditioned context-induced increase in the expression of Arc, of activation of BLA neurons projecting to the PrL is an interesting question to be investigated. On the basis of evidence that the BLA received glutamatergic projections from the PrL (19-21) and our results showing that conditioned context could increase the expression of Arc in other BLA neurons that were not projection neurons to the PrL, we proposed a hypothesis that, after BLA neurons projecting to the PrL activated the PrL, PrL neurons sent feedback signals to the BLA again to induce an increase in the expression of Arc in other BLA neurons that were not projection neurons to the PrL. To confirm this hypothesis, it requires two kinds of evidence: one is that, when inhibiting the Arc-negative BLA output neurons from the BLA to the PrL, it should cancel conditioned context-induced increase in the expression of Arc in Arc-positive BLA neurons and the inhibition of PrL projection neurons to the BLA should also cancel conditioned context-induced increase in the expression of Arc in Arc-positive BLA neurons, and another is that using retrograde or trans-synaptic approaches to trace the feedback circuit from the PrL to the BLA. Now, we already have these evidences.
In conclusion, although BLA neurons projecting to the PrL play an important role in conditioned context-induced retrieval of morphine withdrawal memory, they do not exhibit an increase in the expression of the neuronal plasticity marker Arc. However, when activated PrL neurons by the BLA send feedback signals to the BLA, it induces a neuronal plasticity-related process in BLA neurons, which is relevant to conditioned context-induced retrieval of morphine withdrawal memory ( fig. S4 ). However, we still do not know whether these BLA neurons with different Arc responses to conditioned context in morphine withdrawal mice are of the same or different neuron type.
MATERIALS AND METHODS
Experimental animals
Male adult (8 to 12 weeks) C57BL/6J mice were housed singly in a 12-hour light/12-hour dark cycle in a temperature-and humiditycontrolled environment with food and water freely available. All experimental procedures conformed to Fudan University and international guidelines on the ethical use of animals. All efforts were made to minimize animal suffering and reduce the number of animals used.
Animal surgery
Mice were anesthetized with ketamine and xylazine (160 mg/kg and 12 mg/kg body weight, respectively) before the stereotaxic surgery was performed. To allow projection-specific targeting, the optical fiber was held at least 500 m above eYFP-expressing axonal terminals. For all the above stereotaxic injections, the needle was retained in place for an additional 10 min to allow diffusion of the injected solutions.
Chronic morphine treatment
Mice were treated with morphine (Shenyang No.1 Pharmaceutical Factory, China), as described before (36) . Briefly, morphine dependence was induced in mice by repeated intraperitoneal injections of morphine twice daily. Morphine doses were progressively increased over 5 days from 10 mg/kg to 40 mg/kg: day 1, 2 × 10 mg/kg; day 2, 2 × 20 mg/kg; day 3, 2 × 30 mg/kg; days 4 and 5, 2 × 40 mg/kg. Control mice were treated with saline.
Conditioned place aversion
CPA was conducted using a three-compartment place conditioning apparatus (Med Associates, USA) with distinct visual and tactile context, and the procedure was similar to that described previously (14, 37, 38) . The chamber and drop pan were thoroughly cleaned with 75% ethanol before each behavioral session. The CPA procedure entailed naloxone-precipitated morphine withdrawal aversion following chronic morphine treatment. As shown in the left panel of Fig. 1B , the CPA procedure included four phases: pre-test (day 1), drug treatment (days 2 to 6), conditioning (days 7 to 10), and posttest (day 11).
On pre-test day (day 1), mice were given an initial preference testing to assess their baseline place preference. Mice showing strong unconditioned preference (>75% of the session time) or aversion (<25% of the session time) for any compartment were eliminated from the study. All mice with unbiased preferences were randomly divided into four groups: saline + saline, saline + naloxone, morphine + saline, and morphine + naloxone.
On drug treatment days (days 2 to 6), morphine treatment in morphine + saline and morphine + naloxone groups was commenced. Mice in saline + saline and saline + naloxone groups were treated with saline.
On conditioning days (days 7 to 10), for each mouse, morphine withdrawal was paired with the compartment that it spent more time in (baseline place preference side) during the pre-test period. On days 7 and 9, each mouse in the morphine + naloxone group was injected with naloxone (0.3 mg/kg, intraperitoneally) 2 hours after receiving morphine injection (40 mg/kg, intraperitoneally) to induce enhanced withdrawal and confined in its morphine withdrawalpaired compartment for 20 min. On alternating days (8 and 10), the mouse in the morphine + naloxone group was injected with saline injection (0.1 ml, intraperitoneally) 2 hours after receiving morphine injection (40 mg/kg, intraperitoneally) and confined in its salinepaired compartment for 20 min. To confirm that the CPA seen in the current study was induced by naloxone-precipitated morphine withdrawal aversion but not by spontaneous withdrawal after morphine administration or naloxone alone, we compared the effects of morphine-naloxone treatment on the acquisition of CPA with three control groups (saline + saline, saline + naloxone, and morphine + saline). All CPA procedures with three control groups were the same as described above, except drug treatment with saline + saline, saline + naloxone, or morphine + saline instead of morphine + naloxone.
On post-test day (day 11), each mouse was placed in the same apparatus for 15 min to assess place aversion response. CPA score was defined as the time in the naloxone-paired compartment in the post-test minus that in the pre-test.
In vivo optogenetic approach for CPA After injection with the AAV8-CaMKII-eNpHR-eYFP virus in the BLA or the PrL for a minimum of 6 weeks, mice were habituated to connect the mimical optical receivers (Teleopt, Japan) in their home cages (3 days, 5 min/day). As shown in the left panel of Fig. 2B , the pre-test (day 1), drug treatment (days 2 to 6), and conditioning (days 7 to 10) phases were similar as described above. On post-test day (day 11), the wireless optical receivers were connected to chronically implanted optical fiber and suspended above the behavioral testing arena to allow mice to move freely while receiving laser stimulation. The wireless optical receivers were controlled by a remote controller. All laser output was manipulated with a stimulator (Teleopt, Japan) to output TTL Hi signal. The mice with the expression of eNpHR-eYFP or eYFP were divided into two groups: light ON and light OFF. For mice in the light ON group, optogenetic inhibition was achieved through the optical fiber connected to the wireless optical receivers by using 10 mW (~35.35 mW/mm 2 ) of 15 min of constant 594-nm light. For mice in the light OFF group, no light was given.
Immunohistochemistry and imaging
After the end of CPA testing, all mice were perfused with 0.9% saline, followed by ice-cold solution of 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS) (pH 7.4). The brains were removed and fixed in 4% PFA overnight. The brains were cut in 50-m coronal sections using a vibratome (Leica, USA) and collected in PBS. To examine the injection site and the expression of each tracer or virus, brain slices were rinsed in PBS for three times (5 min for each wash) and incubated with 4′,6-diamidino-2-phenylindole (C1002, Beyotime Biotechnology, USA) diluted into 0.5 g/ml for 10 min at room temperature. To do immunohistochemistry experiments, brain slices were rinsed in PBS for three times (5 min for each wash) and incubated with blocking solution containing 10% normal goat serum and 0.3% Triton X-100 in PBS for 2 hours at 4°C. For the analysis of c-Fos expression or Arc expression in FG-labeling BLA neurons, brain slices were incubated with rabbit anti-c-Fos antibody (#5348, Cell Signaling Technology, USA) diluted 1:500 or rabbit anti-Arc/Arg 3.1 antibody (#I56003, Synaptic Systems, Germany) diluted 1:1000 overnight at 4°C. Subsequently, they were rinsed in PBS for three times (5 min for each wash), followed by application of Alexa Fluor 594-conjugated goat anti-rabbit antibody (Jackson ImmunoResearch Laboratory, USA) diluted 1:200 for 2 hours at 37°C. For the analysis of c-Fos and Arc expression in FG-labeling BLA neurons, brain slices were incubated with guinea pig anti-c-Fos antibody (#226004, Synaptic Systems, Germany) diluted 1:500 overnight at 4°C. Then, they were rinsed in PBS for three times (5 min for each wash) and incubated with goat anti-guinea pig immunoglobulin G (IgG) antibody (Vector, US) diluted 1:200 for 1 hour at 37°C, followed by Alexa Fluor 488-conjugated streptavidin (Jackson ImmunoResearch Laboratory, USA) diluted 1:1000 for 1 hour at 37°C. Subsequently, they were rinsed in PBS for three times (5 min for each wash) and incubated with anti-Arc/Arg 3.1 antibody (#I56003, Synaptic Systems, Germany) diluted 1:1000 overnight at 4°C. Then, they were rinsed in PBS for three times (5 min for each wash) and incubated with goat anti-rabbit IgG antibody (Vector, USA) diluted 1:200 for 1 hour at 37°C, followed by cyanine 3-conjugated streptavidin (Jackson ImmunoResearch Laboratory, USA) diluted 1:1000 for 1 hour at 37°C. Last, immunolabeled sections were rinsed in PBS for three times (5 min for each wash), mounted on glass slides, and imaged by confocal microscopy (Nikon AIR MP, Japan). All c-Fos and Arc antibodies were dissolved into 10% normal goat serum and 0.3% Triton X-100 in PBS, and other antibodies were dissolved into 10% normal goat serum in PBS.
A series of slices containing the BLA were imaged by confocal microscopy with a 20× immersion lens and collected at a resolution of 1024 × 1024 pixels. The same laser and scanning settings were used for all confocal images within an experiment to allow comparison across groups. In general, coronal sections from five to eight mice were used for quantitative analysis. Five to eight images of each mouse and one image of each slice were averaged to determine a value for the slice. Series of images were captured from the confocal microscope and converted to 8-bit gray scale images, and then the area and mean gray values of white color clusters were measured using the Image-Pro Plus 6.0 software. Quantification of c-Fos, FG, and c-Fos + FG labeling neurons was estimated in the form of optical density with the same threshold. The positive neurons were defined with large nuclei stained diffusely and staining above basal background. Quantitative analysis of Arc labeling neurons and quantitative analysis of c-Fos + Arc + FG labeling neurons were performed as described above.
Statistical analysis
All data were analyzed using GraphPad Prism 5. Numerical data were expressed as the mean ± SEM. Statistical significance was determined using Student's t test for comparisons between two groups or analyses of variance (ANOVAs) for comparisons among three or more groups. One-way ANOVA and two-way ANOVA were followed by Bonferroni post hoc test. In all cases, n refers to the number of animals. For all results, P < 0.05 was considered statistically significant.
SUPPLEMENTARY MATERIALS
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